Abstract The complex mechanical behaviour of composite materials, due to internal heterogeneity and multi-layered composition impose deeper studies. This paper presents an experimental investigation technique to perform volume kinematic measurements in composite materials. The association of X-ray micro-computed tomography acquisitions and Digital Volume Correlation (DVC) technique allows the measurement of displacements and deformations in the whole volume of composite specimen. To elaborate the latter, composite fibres and epoxy resin are associated with metallic particles to create contrast during X-ray acquisition. A specific in situ loading device is presented for three-point bending tests, which enables the visualization of transverse shear effects in composite structures.
Introduction
Up to the present numerous studies have been performed about the mechanical response of composite structures, at different scales. Among the characteristics of composite materials, transverse shear stress effects constitute an important phenomenon which must be taken into account in the design of composite structures [1] . Structural damages or fractures can occur because of wrong evaluation of the transverse shear effects. A large number of works shows that the warping of sections due to the transverse shear can be identify with various analytical theories [2, 3] . KirchhoffLove and Reissner-Mindlin have respectively proposed the classical and natural theories to consider these effects, which are now available in commercial finite element softwares. The first one does not take into account an influence of the transverse shear effects, where f(x 3 ) is zero. Reissner & Mindlin have proposed to consider a linear evolution of the longitudinal displacement along the section [4] [5] [6] . More recently, refined theories, based on polynomial, trigonometric and complex mathematical formulations have been developed on the formulation of warping functions f(x 3 ) [7, 8] . All these kind of theories are illustrated in the Fig. 1 . However, very few studies exist on the identification and the validation of these theories by the experimental way [9] . This paper which is a part of a research project, which deals with the visualization of transverse shear effects from volume measurements, with the major interest of observing the evolution of results in the thickness. It is proposed to develop an experimental method to make 3D displacement fields measurements in composite structure volumes [10] .
Many difficulties exist to achieve volume measurements in composite structures [11] . Firstly, it is necessary to use an experimental acquisition tool which is coherent with non-transparent materials. X-ray micro-computed tomography (X-μCT) is widely employed to analyze various materials presenting heterogeneities or porosities [12, 13] . It is also employed in composite materials to inspect material defects, damage effects or porosities for instance [14, 15] .
As well, X-ray tomography can be used to study some effects linked to composite material mechanical response like mechanical reinforcement behavior or deformation micro-mechanisms of fibers from model materials [16] .
Secondly, this work aims to perform experimental observations within composite materials under loading. For that, a laboratory X-ray micro-tomography device is employed. Furthermore, experimental measurements of displacement fields within the material must be performed from a volume measurement method. That's why it is proposed to use the Digital Volume Correlation (DVC) technique. Volume measurement techniques are very interesting to perform kinematic calculations which provide a high level of results. As it is made for 2D field measurement techniques where a specific speckle pattern is used to make the discretization of specimen surfaces [17] , a 3D pattern must be made inside the composite structure, by marker inclusion, to make a 3D grey level distribution [18] .
Thirdly, in order to analyze transverse shear effects in composite materials, an in situ loading device has been specially developed. Up to the present, in situ loading devices developed for X-ray micro-computed tomography allowed tensile-compression [18] [19] [20] [21] [22] [23] and bending tests [24] . The new loading device presented in this paper allows bending loadings to analyze other 3D mechanical effects linked with transverse mechanical response. Also, tests are carried out at the scale of composite structures, which is new in comparison with previous volume measurement studies, where the used scale is around the micrometer [21] [22] [23] 25] . It is interesting to notice here that the used filament diameter is equal to 7 μm and the ply thickness is equal to 0.4 mm. The measurement scale employed in this work is more consistent with real application cases of final composite structures (millimeter), and measurements are less sensitive of strain local differences of fibers and resin. This paper presents first of all the experimental protocol developed for the tests, including details about experimental techniques, X-μCT and DVC. Also the process used to manufacture specimens is described, followed by the development of the proposed in situ loading device. Then, experiments in the three-point bending configuration are presented to demonstrate interests of volume measurements for transverse shear effects analysis. Results of these tests are shown to give information about obtained kinematic and strain fields. In conclusion, a discussion of experimental results is proposed in terms of composite mechanical behavior and volume measurement accuracy.
Materials & Methods

Experimental Techniques
Two main experimental techniques are used in this study: Xray Micro-Computed Tomography (X-μCT) and Digital Volume Correlation (DVC). The next paragraph details each technique and presents a review in the composite materials context, through the description of four steps of the experimental protocol, presented in Fig. 2 .
The first step concerns all the work out of the X-μCT device, i.e. the composite specimen manufacturing, with the inclusion of particles and the mounting of the experimental loading device with the initialization of all sensors. This step, which is detailed in a section below, must be performed in accordance with needs of X-μCT and DVC techniques. Second step concerns volume data acquisitions: several load states are imposed and volume images must be recorded for each one. In the present work, volume images are generated by a laboratory tomography device (Viscom X8050). Used acquisition parameters are a tension of 100 kV and an intensity of 833 μA. Specimen is positioned on a rotation stage and 360 projections of transmitted X-ray intensity field are recorded at each angular step of 1°by a CCD camera through an X-ray detector (Fig. 5) . Each projection is obtained by averaging four images recorded at the same angular position.
Third step is the tomographic volume reconstruction. A volume image of the variations of the linear attenuation coefficient in the specimen is reconstructed from all radiographies by using a filtered back-projection algorithm [26] . The distribution of grey levels in 3D images is due to local differences of density and so corresponds to a 3D representation of the microstructure of the studied specimen (Fig. 3) .
Final experimental step is the calculation of 3D displacements by DVC in the studied composite specimen volume between each loaded state.
Experimental Volume Measurement
DVC has been developed [20] from the volume extension of Digital Image Correlation (DIC) technique, largely employed in experimental mechanics [24, 27] . In this work, displacement and strain fields are obtained with CorrelVol software, developed in the Pprime Institute of Poitiers [28] . Volume displacement of each point of a virtual grid defined in the initial volume image is calculated by intercorrelation of the grey levels of the neighbourhood limited in a volume subset D surrounding the considered point in both states. Two different mechanical configurations of a specimen are linked by a 3D material transformation ϕ: x=ϕ(X), X and x are the coordinates of a same point in the reference state and the deformed state. Material transformation ϕ is approximated by its expansion at the first order corresponding to a rigid body motion combined with a homogeneous deformation [29] . Computation of the best parameters characterizing this approximation in each point is based on the optimization of a correlation coefficient C which measures the degree of similarity of grey level distributions in D and its transformed one by ϕ. Formulation of C employed in this work is insensitive to small contrast and brightness fluctuations which can appear in images: a zero-normalized cross correlation formulation is based on grey level gaps in respect to the average on the subset. A first calculation is made to approach the position results with a voxel resolution and a null local gradient of D. Final positions of each point of the virtual grid are determined from a first-gradient minimization procedure and a trilinear interpolation of the grey levels in the deformed image. In this way, it is possible to achieve the position of the subset D in fractions of voxel (subvoxel accuracy). DVC gives displacement field U(Ux, Uy,Uz) at all centers of the subsets, so all the components of Green-Lagrange strain tensor can be calculated by centered finite differences. [29] Materials and Manufacturing Process A study by Finite Element Modelling (FEM) has been preliminary realized to determine materials adapted to the mechanical phenomenon studied and to the measurement accuracy. Specimens with the higher rate longitudinal modulus E 11 on transverse shear modulus G 13 , and the higher rate thickness h on length l are the most adpated [1] . So, carbon/epoxy and rectangular geometry (50x20x4 mm) have been chosen for the specimen geometry, with a longitudinal Young's modulus E 11 equal to 140 GPa and a transverse shear modulus G 13 equal to 5 GPa. These results are used to design the in situ loading system developed to perform experimental tests. To use DVC, it is necessary to generate volume images with a 3D grey level distribution which follows material transformation during the loading. This grey level distribution is involved by X-ray contrast and can be produced by density differences of material microstructure. Consequently, inclusion of particles is necessary to give contrasts within composite structures in tomographic images. Copper is chosen for particle material because of its density which is higher than the ones of carbon fibers and epoxy resin. The particle size is calibrated at 150 μm which is coherent with a DVC subset size of 31 3 voxels and a voxel size of 52 μm to find several markers per subset [19] . These particles may involve an effect on mechanical behavior, in particular damage behavior. For our material, no defect has been observed with the tomograph and the resolution used (1 voxel = 52 μm). That is not meaning that there is any defect but the defects are at scale smaller than the resolution. So the influence on strain measurement is very limited because the gauge-length of displacement calculation is largely upper (31 voxels=1612 μm) than the defect size. The mass proportion of particles inserted in the composite manufacturing is equal to 5 %, which is very low. Furthermore, tensile tests have been carried out in the direction of fiber to analyze differences in mechanical properties of the material with and without particles. Results give only a difference of 1 % on the longitudinal modulus values between the both configurations, which confirms that the influence of particle addition is not significant on the mechanical response of the material. Concerning the composite manufacturing process, prepreg is the best choice to make composite specimens with the good distribution of particles. Indeed, the use of liquid processes, like Resin Transfer Molding (RTM) or Liquid Resin Infusion (LRI), is not appropriate, because of the increase of resin viscosity with inclusion of particles. To have the maximum of information inside the specimen volume, particles are included between each consecutive plies of composite specimens (Fig. 4) . Prepreg product is composed by UD carbon fibers and epoxy resin. 10 plies at 0°are used for the stacking sequence, with a ply thickness equal to 0.4 mm. Thickness is calibrated at 4 mm by a rigid framework around prepreg plies (Fig. 4) . The cured cycle is 1 h at 150°C under an imposed pressure of 7 bars inside a hydraulic heated press to ensure constant pressure and temperature during the whole cure cycle.
In-situ Loading System
A specific in situ loading device has been developed for the study. A new development is necessary to make measurements with this kind of materials and with the microtomography device environment. By this context, the 
Experiments & Results
To study mechanical response of composite material during three-point bending tests, five load states have been performed, until 3.7 kN of load and 2.1 mm of imposed bending displacement. According to the experimental procedure, six tomographic volumes have been reconstructed to make the displacement fields computation by DVC. Each volume image is reconstructed with the same voxel size of 52 μm and with dimensions of 991 voxels along the longitudinal direction, 457 voxels along the transverse direction and 193 voxels along the thickness one.
DVC computation is made with a volume grid of 20 230 measurement points per specimen defined in the initial volume image with a step equal to 10 voxels in the three directions. According to the voxel size and the particle dimensions, the size of the correlation subset is 31 3 voxels. A gauge length equal to 20 voxels is used to calculate strains. Figure 6 shows the surface covered by the grid and the level grey distribution of a sample image. The obtained dynamic covers is around 150 grey levels, which corresponds to good conditions to make correlation computations with a good accuracy [18] .
Results
Three kinds of measurement results are presented in this section: the longitudinal displacement U x , the displacement U y (bending direction) and the transverse shear strain ε xy .
Figures 7, 8 and 9 illustrate respectively these results at two load levels during the tests (F=2400 N & F=3700 N), at three positions along the specimen thickness (0, 1 & 1.5 mm). These figures show that there is a significant evolution between the different loads. Figure 7 shows that the evolution of the warping section during the bending is clearly observable closer to the top and bottom surfaces. The amplitude of the bending displacement U y , of the order of 0.2 voxel is also visible with a very good definition (Fig. 8) . Nevertheless, an evolution is detectable along the specimen thickness due to a X-axis rigid rotation of the specimen between two load states. Direct effect is that the load is not distributed evenly over the top surface, which explains the U y variations. It is also observed that there is a matting phenomenon due to the too high contact pressure between the metallic bending supports and the specimen surface. By the UD manufacturing and the specimen orientation in the setup, this is only the low resin resistance, which is supporting the load. There are consequences with the local displacement computation, 3D grey level distribution can be damaged in the matting area between different load states. As a consequence, there can be bad evaluation of the 3D displacements concerning the voxels inside the matting volume, which explain the increase of measurement uncertainty near the supports (Figs. 7and 8) . This remark is also right for shear strain values shown in Fig. 9 . In the context of transverse shear analysis, the visualisation of maximum shear is very interesting to study the mechanical behaviour of the structure, including the warping section phenomenon. In this application, the maximum shear value is greater than 1 %, which allows visualizing a significant warping. Measurement noise is also visible in the third observed thickness plane (Z=2.3 mm), at the center of the specimen. Presence of this noise can be explained by reconstruction artefacts, which involve a false local representation of the internal structure. This noise appears very close to the X-μCT acquisition rotation axis, which is a very sensitive location for the reconstruction artefacts [19] .
Discussions
This work gives an interesting response to the different kind of problematics, exposed in the introduction. The used volume measurement method in the composite structures gives results allowing making an interpretation more detailed than the one obtained from 2D methods. Indeed, the possibility to determine full real boundary conditions is very interesting to build richer FEM studies. Out-of-plane and volume informations are directly extracted from the test results given by DVC process, while it is not available with 2D measurement techniques.
The results of the previous section (Figs. 7, 8 and 9) show a low level of displacement and strain. To discuss the pertinence of strain results and displacement gaps between models and experimental data, it is useful to know the measurement uncertainty. As the level of strains is low, only an analysis of imposed displacement is sufficient [18, 29] because an assumed local homogeneous transformation is closer to the real heterogeneous transformation. So rigid body translations have been performed in order to characterize measurement errors obtained with this kind of sample and laboratory tomographic device (grey level gradients given by speckle pattern under xrays, device noise, parameters of recording and reconstruction of volume images…). Imposed displacement values go from 0 to 1 voxel with a step of 0.1 voxel. A volume image is recorded and reconstructed for each imposed value. Voxel size is equal to 52 μm. Figure 10 shows evolution of displacement error and uncertainty according to imposed displacement values. Obtained results from these displacement tests give values and an error evolution which correspond to the well-known sinusoidal evolution usually obtained for 2D studies by DIC [27, 28, 30, 31] or 3D ones by DVC [18] . The global error taking into account upper error and measurement uncertainty is around 0.04 voxel (2 μm). For small strain values, the measurement error can be calculated by the ratio between the displacement global error (0.04 voxel) and the used gauge length given previously (20 voxels) [29] , which is equal to 0.002. This value is correct in comparison with observed strain results shown in Fig. 9 .
Concerning the transverse shear analysis, the longitudinal displacement field U x is useful to determine the evolution of the different sections in function of transverse shear amplitude. Figure 11 illustrates the evolution of the longitudinal displacement U x along the Y-position versus applied load (3400 N), for the middle section between supports. It shows that warping appears with the increase of shear strains provided by bending loads. For low values of load, the shear is minimum, so warping section seems to be null, Ux values along the section are linear. At the limit load, the warping section is clearly visible, there is an evolution of U x which seems to correspond with an evolution given by results obtained with refined theories. These elements have to be confronted with analytical results to determine the validity of existing warping functions. Figure 12 presents several evolutions of warping section during the bending along the thickness, which have to be compared with results obtained from standard and refined theories. First observations made on this case show that the warping does not have a linear evolution according to the Y-position, which traduce the validity of refined models in the case where geometric and mechanical properties of specimens present a high sensibility to the transverse shear stresses. This figure shows the symmetry of the results of both sides of the upper support, due to the bending testing configuration. However, warping seems to be uniform along the thickness, which can only be verified by DVC measurements. A sample of numerical results is also included in this figure as reference. This one shows that the correlation of graphs seems good. Differences can be observed between the displacements determined by DVC and finite elements models, in Fig. 12 . Experimental values near the bottom side are diverging from the numerical results. Mating effects have local influences on boundary conditions on the bottom and top face of specimen, which explains the absence of symmetry of displacement evolution in the experimental results. The longitudinal displacements around the support are locked by the penetration of top support during mating which is not simulated by FE model, so there is no similar mechanical response between the both cases. Figure 13 presents U x displacements, and so warping, for DVC, and FEM with different kind applied boundary conditions, at the load of 3700 N. To consider the testing conditions, displacement values measured by DVC are used in the FEM modeling at the support locations, including where is applied the bending load. Perfect theorical conditions are also applied on points corresponding to the contact with bending supports. It shows that the use of measured boundary conditions in FEM, only applied at supports points, gives better results than FEM with perfect conditions, which not allow taking into account real longitudinal displacements due to the mating effects. In this case, the correlation between experimental and FEM values is better. Then, future works can be envisaged to study different analytical or numerical modes in accordance with experimental results.
Also, the volume measurement give the possibility to take account the edge effects, by results in the specimen thickness. The in situ loading device developed in this work, three-point bending configuration, in association with the proposed experimental protocol become a very attractive tool to achieve experimental results to compare with analytical and numerical formulations.
Conclusion
This paper presents an innovative experimental method to make an in situ mechanical investigation of composite structures. It is based on X-μCT acquisitions which give volume images, used for the volume displacement measurement by DVC. A specific manufacturing process is proposed to make composite specimens, with inclusion of copper particles, needed to give a good contrast of grey level distribution in X-ray tomographic images. Also a new in situ mechanical loading device has been especially developed to achieve testing in the three-point bending conditions, until 6 kN of load and 50 mm of displacement.
This loading device has been set up during tests on UD Carbon/Epoxy specimens in order to validate the experimental procedure and to visualize displacement fields at different positions of thickness in the specimen volume. Obtained results allow validating the use of copper particles to achieve displacement and strain computation by X-μCT and DVC techniques in composite materials, with a good uncertainty of 0.04 voxel. DVC gives a good evaluation of the mechanical response of the composite specimen under the bending load, which is illustrated with consistency for longitudinal displacements, bending displacements and shear strain. These results highlights the transverse shear effects which appear during the bending test, included the warping section. Future project works will be conducted to compare experimental results with analytical and FEM results to conclude on interest of refined theories in composite structures mechanical studies.
